Keywords: magnesium anodic film enrichment current density transmission electron microscopy A B S T R A C T The effect of anodizing AZ31 magnesium alloy in a fluoride/glycerol electrolyte containing from 1 to 40 vol.% water on the compositions of the anodic film and the underlying alloy has been investigated. A range of constant current densities and water contents of the electrolyte were employed. Scanning and transmission electron microscopy, with energy-dispersive X-ray spectroscopy, X-ray diffraction and ion beam analyses were used to analyse the anodized alloy. Barrier films, containing fluoride and oxide species, were formed above the matrix, at high current efficiency; a porous film was formed above Al-Mn intermetallic particles. The current density and the water content of the electrolyte affected the O:F atomic ratio and the ionic transport in the films. Significant enrichments of zinc and aluminium were generated in a thin layer of the matrix immediately beneath the film under all conditions of anodizing, with the enrichment of zinc reaching 6.2 Â 10 15 at cm À2 in the enriched alloy layer. The cause of the enrichments and the consequences to film growth are discussed.
Introduction
In recent studies [1] [2] [3] [4] , anodizing of magnesium and magnesium alloys has been investigated in glycerol-and ethylene glycolbased electrolytes containing fluoride ions that enable the formation of compact films of uniform thickness at high current efficiency. It has been shown that the films contain fluoride and oxide species and crystalline phases of MgF 2 and MgO. The films appear to form by inward migration of F À and O 2À ions and outward migration of Mg 2+ ions. Furthermore, anodizing magnesium alloys may lead to the enrichment of the alloying elements, e.g. copper [5] , gold [2] and zinc [3, 5] , in a thin layer immediately beneath the film. Such enrichment is well known in anodizing aluminium alloys, occurring when the standard Gibbs free energy per equivalent for formation of the alloying element oxide is less negative than that for formation of Al 2 O 3 [6] . However, for magnesium alloys the factors controlling the enrichment are less clearly understood; for instance, tungsten enrichment has been found beneath films formed on an Mg-W alloy in an aqueous phosphate electrolyte [7] but not beneath films formed in a fluoride-containing, glycerol-based electrolyte [4] . The previous studies of enrichments of magnesium alloys have involved only a small number of alloying elements and anodizing conditions. Thus, further investigations are required of a wider range of alloy compositions and anodizing parameters in order to improve the understanding of the enrichment process, including the effects of the rate of film growth and the electrolyte composition. In the case of aluminium alloys, enrichments similar to those developed during anodizing occur during various electrochemical and chemical surface pre-treatments [8] , and also during corrosion processes [9] . Hence, it may be expected that the enrichments observed in anodized magnesium alloys have a wider relevance to the behaviour of magnesium alloys. In this regard, recent studies of the corrosion of magnesium have shown enrichments of iron [10] and zinc [11, 12] , which may affect the corrosion process.
In the present study, barrier-type anodic films were formed galvanostatically on AZ31 magnesium alloy in a glycerol based electrolyte containing ammonium fluoride and water. The AZ31 alloy, which contains aluminium and zinc as the principal alloying elements, is widely used in the automotive and aircraft industries [13] . The behaviour of aluminium in a magnesium alloy during formation of the present types of film has not been studied previously. The influences of the anodizing voltage, the current density and the water content of the electrolyte on the growth and composition of the films and the enrichment of the alloying elements were investigated.
Experimental
AZ31 magnesium alloy was supplied by Magnesium Elektron Ltd as a rolled sheet with a thickness of 3 mm. The chemical composition of the alloy, measured by X-ray fluorescence, was 3.00 wt.% Al, 0.98 wt.% Zn, 0.27 wt.% Mn and balance Mg, which is within the specified composition. Specimens with dimensions of 20 Â 20 Â 3 mm were cut from the sheet. The surface of each specimen was ground on silicon carbide papers to a 4000 grit finish using deionised water as a coolant and lubricant. The specimens were rinsed with ethanol and dried in a flow of cool air. Before anodizing, the specimens were cleaned in acetone using an ultrasonic bath and dried as previously.
The specimens were anodized individually at 5 mA cm À2 to selected voltages in the range from 50 to 430 V in a glycerol-based electrolyte containing 0.35 M ammonium fluoride and 5 vol.% deionized water. The latter voltage was just below the dielectric breakdown voltage. Specimens were also anodized in the same electrolyte at 0.1, 1, 5, 7 and 10 mA cm À2 , and at 5 mA cm À2 in electrolytes containing from 1 to 40 vol.% de-ionized water. Each specimen was clamped against the port of a Perspex cell, where an O-ring provided a seal with the specimen surface. The working area of the specimen, which was defined by the diameter of the Oring, was 1.54 cm 2 . The cathode was a titanium disc; a platinum wire was used as a reference electrode. The current was supplied by a DC constant current power supply (Metronix Model 6912). The cell voltage during anodizing was recorded using software, based on Labview, that was developed in-house. After completion of anodizing, the specimen was removed from the cell, rinsed in deionized water and dried in a flow of cool air. Scanning electron microscopy (SEM) was used for investigation of the alloy microstructure and the surfaces of the anodic films, employing a Zeiss Ultra 55 instrument operated at either 15 or 3 kV. Cross-sections of anodized specimens were prepared for transmission electron microscopy (TEM) using a TESCAN Lyra 3 XMU scanning electron microscope equipped with a focused ion beam (FIB) milling facility. Specimens were coated with platinum to prevent radiation damage during section preparation. The FIB was operated at an accelerating voltage of 30 kV, with currents of 4 and 1 nA for rough milling and rough pre-thinning, respectively. An ion current of 200 pA was used for final thinning to an electrontransparent thickness. At the end of the preparation procedure, all TEM sections were cleaned by a gallium ion beam, using an accelerating voltage of 2 kV and a current of 150 pA, in order to minimize the radiation damage. This procedure has been described in detail elsewhere [14] . TEM investigations were performed using a JEOL 2100F instrument operated at 200 kV and equipped with an Oxford instruments X-max energy-dispersive X-ray (EDX) analysis facility. Elemental distributions in sections were measured in the STEM mode with Aztec software.
The phase compositions of the alloy and anodic films were investigated by X-ray diffraction (XRD), using a Bruker D8 Discover instrument with a scan range in 2u from 10 to 115 and step size 0.02 under a low angle (6 ) . Phases were identified by comparison with the ICDD PDF4+ database. The elemental compositions of the anodized specimens were investigated by Rutherford backscattering spectroscopy (RBS) employing 2. O reactions, using literature values of the respective cross-sections [16] . Fluorine could not be quantified by NRA, due to lack of data for the reaction cross-sections.
Results and discussion

Alloy microstructure
The microstructure of the AZ31 magnesium alloy is shown in the secondary electron micrograph in Fig. 1(a) . The specimen was ground on SiC paper, cooled with water, and polished to a 1 mm diamond finish using ethanol as a lubricant. Polygonal Al-Mn second phase particles, with sizes of % 1 to 20 mm, were revealed, often aligned in the direction of rolling. Some particles were fractured, probably during rolling of the alloy. Al-Mn particles are known to affect the corrosion resistance, mechanical properties and grain size of the alloy [17, 18] [18] [19] [20] [21] [22] [23] [24] [25] . Analyses of the Al-Mn particles in the present alloy, using EDX spectroscopy, mainly revealed atomic ratios of Al:Mn of 1.78 AE 0.10 and 2.77 AE 0.13, suggesting the presence of Al 8 Mn 5 and Al 11 Mn 4 , respectively [23, 24] . These analyses were made on particles of sufficient size to avoid the detection of X-rays from the underlying matrix; for smaller particles, the analysis method could not be used to determine accurately the Al:Mn ratio. TEM together with EDX spectroscopy disclosed finer particles with sizes of up to $200 nm, which contained magnesium, aluminium and zinc, as shown by the EDX maps of Fig. 1(b 
Voltage time response
The voltage-time responses during anodizing of the AZ31 alloy to selected voltages at 5 mA cm À2 in an electrolyte containing 5 vol.
% water are shown in Fig. 2 , although this was preceded by a slower voltage rise in the first 5 s for the specimen anodized in the electrolyte containing 1 vol.% water. The increase in the water content reduced the dielectric breakdown voltage, which was % 170 V for the electrolyte containing 40 vol.% water. Fig. 3 (a) shows a scanning electron micrograph of the surface of a specimen anodized to 430 V at 5 mA cm À2 in an electrolyte containing 5 vol.% of water revealing a porous, non-uniform film above Al-Mn particles. The adjacent matrix edges were bounded by a less porous rim. The porous structure of the film on the Al-Mn particles was more evident for the particle shown in Fig. 3 (b) in a specimen anodized at 0.1 mA cm À2 , with pores of diameter in the range % 50 to 450 nm, with an average value of % 250 nm (see the inset in Fig. 3(b) ). Fig. 3 (c) shows the film above a particle in a specimen anodized at 10 mA cm
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À2
, which exhibited a relatively rough, non-uniform, porous surface, with pores of diameter in the range % 20 to 150 nm and fissures around the periphery of the particle. The differences in the appearances of the films above the particles may be related to the differences in the current density, with a lower current density enhancing the pore formation. However, there may also be differences in the compositions of the particles that affect the porous film growth. The anodic film above the matrix was relatively smooth at all three current densities. The small, void-like features, with a size of < 0.5 mm, (circled in . A light band, about 20 nm thick, is evident at a depth of about 0.57 of the film thickness (i.e. ratio of the depth of the band to the total film thickness), measured to the centre of the band. A similar band was located at a depth of about , respectively. The band has been associated with the magnesium oxide/ hydroxide film on the surface of the mechanically-polished alloy, which was formed during polishing and subsequent exposure to air [3] . The oxide/hydroxide film is subsequently incorporated into the anodic film as a result of the film growth mechanism. Results of quantitative EDX elemental linescans in the film formed at 5 mA cm À2 are shown in Fig. 4(b-f) . The linescans reveal that magnesium and fluorine are distributed uniformly across the film.
Oxygen is also present throughout the film thickness, with an increased concentration in the central band, where carbon (not shown) is also enriched. Aluminium and zinc are enriched beneath the film in a layer 10 nm thick, with significant concentrations of the two elements appearing to be present in the enriched layer. The concentrations of aluminium and zinc in the enriched alloy layer indicated by the linescans are not considered reliable, since, as considered later, the enriched layers are only a few nanometres thick. Hence, X-rays are detected from the film and matrix adjacent to the layer. Thus, the size and location of the electron beam, with respect to the layer thickness, and the alignment of the section affect the results. Zinc was not detected in the anodic film, while aluminium was mainly present in the inner part of the film, with an Al:Mg ratio of about 0.08 compared with about 0.03 for the matrix. Manganese could not be detected either in the film above the matrix or in the underlying alloy. The elemental line profiles for films formed at 0.1 and 10 mA cm
, and also at 5 mA cm À2 in an electrolyte containing 1 vol.% water, were similar to those of Fig. 4 . Transmission electron micrographs and EDX elemental maps for a film formed at 5 mA cm À2 in an electrolyte containing 20 vol. % water are shown in Fig. 5 . The sectioned region includes the film formed above the matrix and also above an Al-Mn intermetallic particle. The film above the matrix was % 394 nm thick, corresponding to a formation ratio of 1.18 nm V À1 ( Fig. 5(a) ). The light band in the film above the matrix was located at a depth of about 0.85 of the film thickness and the outer 0.65 of the thickness had a lighter appearance, which may have been caused by radiation damage in the microscope (Fig. 5(b) ). The elemental maps show that the film contained significant amounts of both oxygen and fluorine; the latter appeared to be enriched at the base of the film.
Enrichments of zinc and aluminium in the alloy are shown in accompanying EDX elemental linescans of the film above the matrix (Fig. 5(i) ). The aluminium in the film was present at a higher concentration in the inner % 20% of the film thickness. The films formed above the Al-Mn phases contained aluminium, manganese, oxygen and fluorine, as shown by the Al-Mn phase in Fig. 5 . It was not possible to identify the precise distributions of these elements in the films, since the intensities in the maps were affected by the film porosity, the non-uniform film thickness, and overlap of the Xray energy windows of manganese and fluorine. Nevertheless, EDX linescans (not shown) indicated that the films were depleted in manganese relative to the composition of the underlying particle. The depletion of manganese from a porous film on a Al-Mn particle is consistent with the faster outward migration through the film of manganese species relative to aluminium species that has been reported in anodic films on Al-Mn alloys [27] , which would lead to preferential loss of manganese species to the electrolyte.
X-ray diffraction
Low angle XRD patterns of the mechanically-polished AZ31 alloy and specimens anodized in an electrolyte containing ; later analyses reveal a significantly higher ratio of fluorine to oxygen in this film compared with others. The data do not provide clear evidence of the effect of the water content on the MgF 2 and MgO contents, since the anodizing voltages differ significantly for the two specimens (230 V for 1% water and 335 V for 20 vol.% water).
Ion beam analysis À film composition
RBS experimental and simulated spectra of the mechanicallypolished alloy and specimens anodized at 0.1 and 10 mA cm À2 to 383 and 392 V, respectively, in an electrolyte containing 5 vol.% water are shown in Fig. 7(a) . The spectra display features typical of all anodized specimens that were examined in the study. The inset enlargement shows the peaks due to the zinc enrichments beneath the two films. Aluminium enrichment, which was detected beneath the film by EDX spectroscopy, could not be detected by RBS due to the closeness of the atomic masses of aluminium and magnesium. Although the yields from aluminium in the film also could not be resolved, the data fitting for the film region included a small amount of aluminium (Al:Mg ratio of %0.02), which was indicated to be present by EDX spectroscopy. The energies for scattering from oxygen, fluorine, magnesium, manganese and zinc at the surface of the specimens are marked in the figure. Table 1 presents the results of the data analysis for specimens anodized at current densities from 0.1 to 10 mA cm À2 ; the results for specimens anodizing at 5 mA cm À2 in electrolytes containing from 1 to 40 vol.
% water are given in Table 2 . The oxygen contents of the films in the tables were determined from NRA, since the signal from oxygen in the RBS spectra was relatively low and overlapped partly with the signal from fluorine. The peaks of fluorine and oxygen from NRA analysis of the mechanically-polished alloy and the specimen anodized at current densities from 0.1 to 10 mA cm À2 are shown in Fig. 7(b) ; the specimen anodized at 0.1 mA cm À2 produced the lowest oxygen peak and the highest fluorine peak. The yields from oxygen increased with increase of the current density while the yields from fluorine display the opposite trend. NRA analysis of the mechanically-polished alloy revealed formation of a magnesium oxide/hydroxide layer containing 7. ). This thickness is reasonably close to the thickness of the oxide/hydroxide layer within the anodic films, determined by TEM, of about 20 nm. Some spreading of the layer following its incorporation would be expected due to the migration of cation and anion species through the layer during film growth. Fig. 8(a) shows the relationships between the amounts of fluorine and oxygen in the films and the current density. The results show that the amount of fluorine in the films decreased with increase of the current density at a rate of 9.6 Â 10 13 atoms
, while the amount of oxygen increased at a rate of 6.9 Â 10 13 atoms V À1 mA
À1
. Hence, the ratio O:F increased from 0.12 at a current density of 0.1 mA cm À2 to 0.27 at 10 mA cm
À2
( Table 1 ). The changes in the relative amounts of fluorine and oxygen in the films with variation in the current density are possibly related to changes in the electric field at the film surface that affect the adsorption of fluoride ions and water and glycerol molecules, and hence the relative rates of incorporation of oxygen and fluorine species into the films. Fig. 8(b) shows the relationships between the amounts of fluorine and oxygen in the films and the water content of the electrolyte. The amount of fluorine decreased and the amount of oxygen increased with increasing water content. The gradient of the best-fit line for fluorine was À6.7 Â 10 13 atoms cm À2 (%water) À1 ; the gradient for oxygen was 2.6 Â 10 13 atoms cm À2 (%water)
À1
. Hence, the O:F ratio increased from 0.27 at 1 vol.% water to 0.71 at 40 vol.% water ( Table 2 ). The increasing O:F ratio with increase of the water content is probably mainly due to the increasing availability of water molecules at the film surface. . Thus, the ratio of the incorporation rate of carbon to the incorporation rate of the combination of oxygen and fluorine is about 0.012. The incorporated carbon is presumed to originate from derivatives of the glycerol molecules. The distribution of the carbon species could not be determined from the present results.
Enrichment of zinc and aluminium
A linear relationship is shown in Fig. 9 between the zinc content in the enriched layer, determined by RBS, and the anodizing voltage for films formed in an electrolyte containing 5 vol.% water. The gradient of the best-fit line is 1.08 AE 0.04 Â 10 13 atoms
and the intercept on the ordinate axis is 2.3 AE 0.6 Â 10 14 atoms cm À2 . The latter enrichment is equivalent to the amount of zinc in a layer of alloy of unit area and 16 nm thickness, which is similar in magnitude to the thickness of the oxide/hydroxide film incorporated into the anodic film. Hence, the intercept value is attributable to the enrichment of zinc developed during growth of the initial oxide/hydroxide film on the alloy. The rate of accumulation of the zinc in the enriched alloy was not significantly affected by the water content of the electrolyte or the current density. For these specimens, the average value of their rates of accumulation of zinc was 1.3 AE 0.2 Â 10 13 atoms cm À2 V
À1
. The similarity to the gradient of the best-fit line of Fig. 9 indicates that the specimens were still being enriched when anodizing was terminated. The expected rate of enrichment can be estimated from the current density and zinc content of the alloy, assuming that none of the zinc is incorporated into the film. This gives a value of 1.22 Â 10 14 atoms cm À2 V
, which is reasonably close to the measured value, and is consistent with the zinc mainly being accumulated in the alloy. Fig. 9 includes an additional data point at 630 V (labelled reanodized), which was not considered in obtaining the best-fit line. This point relates to a specimen that was first anodized to 381 V and then the outer region of the film was removed using a pull-off method. The specimen was re-anodized to 249 V (i.e. the difference between the final anodizing voltage and the voltage surge due to the resistance of the electrolyte and the thickness of the inner region of the film that remained from the first anodizing), when dielectric breakdown commenced. Thus, the voltage drop across the final film was 630 V, which is about 200 V higher than possible in a single stage anodizing. The specimen allows assessment of whether further enrichment of zinc occurred at the increased anodizing voltage. The location of the data point with respect to the best-fit line to the lower voltage data suggests that an upper limit to the enrichment of zinc had been achieved. This suggests that once the zinc enrichment reached %6.2 Â 10 15 at cm
À2
, the zinc was oxidized and incorporated into the film, with a constant level of enrichment of zinc being maintained by further oxidation of the alloy, as observed in enrichments of aluminium alloys [6] . The enrichment of zinc that was attained is similar to the level measured in an anodized Al-0.9 at.% Zn alloy (%4.9 Â 10 15 at cm À2 ) [28] . For films formed up to 185 V, the yield from zinc in the film in the RBS spectra was not overlapped by the yield from manganese. An upper limit estimate of the Zn:Mg atomic ratio was made off %5 Â 10 À4 , which is much lower than that in the alloy of %3.6 Â 10 À3 . Thus, only a relatively small proportion of the zinc in the alloy was incorporated into the films during enrichment of the alloy. A similar Zn:Mg ratio was present in the outer regions of Table 1 Results of RBS and NRA analysis of AZ31 alloy before and after anodizing to different current densities in a glycerol-based electrolyte containing 0.35 M ammonium fluoride and 5% of water at 293 K. films formed to higher voltages. The small amounts of zinc that were incorporated into the anodic film from the start of anodizing probably originated from oxidation of second phases, such as Mg 3 Al 2 Zn 3 , in which the concentration of zinc is sufficient for oxidation of zinc and aluminium to occur almost immediately. Overlap of the yields prevented separation of the yield from manganese from the yield from zinc in the inner region of the film. Assuming that the zinc was distributed uniformly through the film thickness, the upper limit on the Mn:Mg ratio in the film was estimated to be %0.8 Â 10 DG o /n [6] . On this basis, a lower enrichment of aluminium than zinc is expected. In addition, the enrichment level required for oxidation of aluminium will be attained sooner than that for oxidation of zinc, due to the lower enrichment required for aluminium and the higher concentration of aluminium in the matrix. These reasons may explain the presence of a significant amount of aluminium in the inner regions of the present films. The co-enrichment of elements and oxidation of alloying elements at different stages of film growth has been reported for anodizing a ternary aluminium alloy, where it was found that the total enrichment was less than the sum of the enrichments of the respective binary alloys [29] .
The depth resolution of the RBS analyses was insufficient to determine an accurate value for the thickness of the enriched alloy layer. However, if it assumed that the layer is 5 nm thick, which is a reasonable estimate according to the EDX elemental maps, and that the layer has the same atomic density as magnesium, a zinc concentration of %29 at.% was achieved at the final enrichment of zinc of %6. ), and the charge passed through the cell for the films formed at the various current densities, voltages and water contents. The closeness of the data to the line of slope 1 indicates that the current efficiencies were high for all conditions of film growth. The maintenance of a high efficiency up to relatively high water contents was also observed for anodizing magnesium at 1 mA cm À2 in a 0.1 mol dm À3 NH 4 F/ ethylene glycol electrolyte [2] . The efficiency was only reduced significantly at water contents above 28 mol dm À3 (50 vol. % water). The O:F atomic ratio in the film formed in an electrolyte containing 28 mol dm À3 water was determined to be %0.13, which is significantly less than the ratio of 0.71 measured for the present film formed at 5 mA cm À2 in a 0.35 mol dm À3 NH 4 F/glycerol electrolyte containing 40 vol. % water. The O:F ratio was also lower in a NH 4 F/ethylene glycol electrolyte of lower water content, i.e. 0.06 for 0.1 mol dm À3 (1.8 vol. %), compared with 0.27 for the present electrolyte containing 1 vol.% water. The different ratios for the similar concentrations of water in the ethylene glycol and glycerol electrolytes may be due to the differences in the solvents and the current densities that affect the species present at the surface of the anodic films, with glycerol appearing to favour absorption of water molecules to a greater extent than ethylene glycol.
Mechanism of film growth
The barrier-type anodic films formed on magnesium in the ethylene glycol and glycerol electrolytes appear to be formed by outward migration of cations and inward migration of anions, as assessed from the location of the incorporated pre-existing oxide/ hydroxide film [1] [2] [3] [4] 30] . The formation ratios of the films, determined using film thickness measured by TEM, were in the range 1.12 to 1.43 nm V
À1
. The highest ratio was found for the film formed at the lowest current density of 0.1 mA cm À2 , which may be expected for a high-field ionic migration process. However, the different conditions of film growth affect the composition of the film, which may additionally affect the formation ratio. Nevertheless, the addition of water of up to 20 vol.% had a negligible influence on the formation ratio, despite a significant increase in the O:F ratio in the film.
XRD shows that the films contained nanocrystals of MgF 2 and MgO; it is possible that some amorphous material was also present, although this was not revealed by XRD. The mechanism of ionic migration and the transport paths of ions through the film microstructures are still uncertain. Tracer studies of ionic transport of oxygen and fluorine may improve the understanding. The preexisting oxide/hydroxide film in the present specimens was located at a depth of % 0.57 of the anodic film thickness in films formed at 5 mA cm À2 in an electrolyte containing 5 vol. % water.
However, the pre-existing film was buried at a greater depth of % 0.67 of the anodic film thickness following anodizing at 0.1 mA cm À2 . An inward displacement of the band suggests an increase in the contribution of cation migration to the film growth, which may be due to a combination of the reduction in the current density, and hence electric field, and the significant decrease in the O:F ratio from %0.23 at 5 mA cm À2 to %0.12 at 0.1 mA cm À2 . The burial of the air-form film at a depth of %0.85 of the film thickness in a film formed at 5 mA cm À2 in an electrolyte containing 20 vol.% water suggests a significant increase of the cation transport also occurs for films formed at relatively high water contents, which may be related to the increasing oxygen content of the film. , i.e. equivalent to about 29 at.% Zn in a 5 nm-thick layer. EDX spectroscopy indicates that the zinc enrichment is accompanied by a significant enrichment of aluminium, although this could not be quantified by the present analyses. The enrichments were detected under all conditions of film growth. 
